Background. Pain modulation is a critical function of the nociceptive system that includes the ability to engage descending pain control systems to maintain a functional balance between facilitation and inhibition of incoming sensory stimuli. Dysfunctional pain modulation is associated with increased risk for chronic pain and is characteristic of fibromyalgia (FM). Catastrophizing is also common in FM. However, its influence on pain modulation is poorly understood.
Introduction
Fibromyalgia is a chronic musculoskeletal pain condition with a host of related symptoms including sleep disturbance, fatigue, and cognitive complaints [1, 2] . Recent prevalence estimates suggest that FM affects approximately 1.75% of the US population and is about twice as common in women as men [3] . There is no distinct biomarker for FM, making diagnosis and treatment challenging. However, mounting evidence demonstrates that these individuals tend to have impairments in pain modulation [4] [5] [6] [7] [8] [9] and FM is considered a central sensitivity or functional pain disorder [2] .
The experience of pain in FM is influenced by a complex interplay of psychobiological, behavioral, cognitive, and social factors [10] . One such factor, pain catastrophizing, is a maladaptive cognitive and emotional response to pain that involves a propensity to ruminate about, magnify the threat associated with, and feel helpless in the face of pain [11] . Clinically, catastrophizing is related to symptom severity, disability, distress, and poor prognoses [12, 13] . Experimentally, it is associated with heightened anticipation and attention, greater sensitivity, and exaggerated brain responses to experimental pain stimuli [14] [15] [16] [17] . To date, relationships between catastrophizing and pain modulation in FM have not been examined.
Pain modulation refers to a change in pain sensitivity that is centrally or peripherally mediated by both internal and external factors (e.g., mood, distraction, exercise) [18] . Modulation can refer to both facilitation and inhibition, and a variety of models have been used to study pain modulation in fibromyalgia patients. These include pharmacologic manipulations [6] , diffuse noxious inhibitory control [4, 19] , vibratory stimulation [19] , hypnotic and nonhypnotic suggestion [20] , emotional context [21] [22] [23] , and cognitive distraction [24, 25] . Regardless of the type of modulation and the assessment method, research has demonstrated that the ability to modulate pain is crucial for maintaining a functional balance between facilitation and inhibition of sensory stimuli and that dysregulations in pain modulation can influence quality of life, disability, and the development of chronic pain [26] . Thus the impaired pain modulation often observed in patients with fibromyalgia (FM) likely plays a critical role in chronic pain maintenance. Gaining a better understanding of factors that influence the ability to modulate pain is important for both determining mechanisms of chronic pain maintenance and for the development of effective therapies.
Although catastrophizing and dysfunctional pain modulation are common in FM, there are individual differences in these characteristics. Understanding the relationship between pain catastrophizing and pain modulation in FM is important for examining a potential mechanism underlying the maintenance of pain as well as determining a potential behavioral target for improving symptoms and quality of life. Our purpose was to examine the relationship between catastrophizing and brain responses during cognitive distraction from pain in FM patients and healthy controls. In this scenario, pain modulation is demonstrated when pain ratings are lower for pain stimuli delivered during distraction as compared with stimuli delivered alone. We hypothesized that catastrophizing would be positively associated with activity in brain regions involved in attention and affective responses during cognitive modulation of pain. As catastrophizing has been previously associated with pain processing in both FM patients and controls [16, 27] , we did not hypothesize group differences.
Methods

Participants
Female FM patients and healthy controls (CO) were recruited from the community via advertisements and screened for eligibility. For patients, inclusion criteria were physician-confirmed diagnosis of FM and being between the ages of 18 and 65 years. Confirmation of FM status was obtained from each patient's care provider [28] . For controls, inclusion criteria were age (18-65 years) and absence of chronic pain symptoms. Exclusion criteria for all participants were current diagnosis of Axis I psychiatric disorders, being left-handed, contraindications for the magnetic resonance environment (e.g., presence of ferrous metal), and regular use of opioids, cardiovascular medications, anticonvulsants (e.g., gabapentin, pregabalin), or high-dose antidepressant medications; continuation of low-dose antidepressants was permitted. Participants taking low-dose antidepressants (four FM patients) were instructed to maintain their current dosage throughout the course of the study.
Twenty female FM patients and 20 age-matched female CO met criteria and were enrolled. Prior to testing, participants were asked to abstain from 1) exercise for 48 hours, 2) alcohol for 24 hours, 3) pain medications for 24 hours, 4) caffeine for four hours, and 5) smoking for two hours. A compliance check was conducted at the beginning of each session, and all participants indicated that they had followed instructions. Participants were recruited as part of a larger study investigating brain responses to pain and were paid $200.
Procedures
The institutional review board at the University of Wisconsin-Madison approved the procedures of this study, and written consent was obtained from each participant. Testing took place on two days separated by approximately one week. To characterize the sample, participants completed a screening questionnaire asking about current and past pain symptoms, a demographic questionnaire, the Beck Depression Inventory (BDI), the State-Trait Anxiety Inventory (STAI), the Profile of Mood States (POMS), the Short-Form of the McGill Pain Questionnaire (SF-MPQ), and the Fibromyalgia Impact Questionnaire (FIQ; FM patients only) [29] [30] [31] [32] [33] .
To assess pain catastrophizing, participants completed the Pain Catastrophizing Scale (PCS) [34] . This scale was developed to assess pain-related catastrophic thinking in three dimensions (helplessness, rumination, and magnification) and asks respondents to indicate to what degree they have specific thoughts and feelings when they are experiencing pain. Example items include "It's terrible and I think it's never going to get better" (helplessness), "I anxiously want the pain to go away" (rumination), and "I become afraid that the pain will get worse" (magnification). The PCS has been shown to be internally consistent for the total score (a ¼ 0.87) as well as for the three subscales (helplessness, a ¼ 0.79; rumination, a ¼ 0.87; magnification, a ¼ 0.60) [34] . There is also evidence that PCS scores are stable over time, with a test-retest reliability of r ¼ 0.75 over a six-week period and r ¼ 0.70 over 10 weeks [34] . This scale is widely used cross-culturally and has been validated in populations with and without chronic pain [35] [36] [37] .
Testing -Mock-Magnetic Resonance Imaging
On the first day of testing, participants completed a simulated magnetic resonance imaging (MRI) session to familiarize themselves with the scanning environment and procedures. This included thorough instructions and practice of the distracting cognitive task detailed below, as well as practice and experience with the heat pain stimuli and rating procedures. For the cognitive task, training included verbal instructions as well as sufficient practice in front of a computer and in the mock-MRI unit to ensure proficiency and avoid learning effects during the subsequent functional MRI.
Psychophysical assessment of pain sensitivity was also conducted during the simulated MRI to determine the temperature for the individualized pain stimulus used during scanning. This involved exposing participants to 14 thermal stimuli ranging from 43 C to 49 C in 1 C increments; all participants tolerated the full range of temperatures. Each temperature was administered twice in random sequence and separated by one minute. Thermal stimuli were presented via a PATHWAY Pain and Sensory Evaluation System with a 900-mm 2 Peltier thermode (Medoc Advanced Medical Systems, Durham, NC, USA) and delivered to the thenar eminence of the participant's left hand. The baseline temperature for thermal testing procedures was maintained at 35 C and increased to the target temperature at a rate of 8 C/second. This temperature was maintained for eight seconds before returning to baseline. Immediately following each stimulus presentation, participants were asked to rate the pain intensity and unpleasantness using the 0-20 Gracely Box Scales [38] viewed with a set of MRI-compatible goggles (Avotec, Inc., Stuart, FL, USA) and presented with the use of E-Prime software (Psychology Software Tools, Pittsburg, PA, USA). Pain intensity and unpleasantness ratings were made using a scanner-compatible button-press response unit (Current Designs, Philadelphia, PA, USA). Linear regression of pain intensity ratings and stimulus temperatures was calculated to predict the temperature each individual would rate as "slightly intense" pain, or a 13 on the 0-20 rating scale. This temperature was used for all remaining pain testing procedures. For FM patients, the average temperature used for further testing was 47.2 C 6 1.1 C, and for healthy controls the average temperature was 47.9 C 6 1.1 C. Our choice of a perceptually relative pain stimulus helped to ensure that sensitivity to peripheral pain stimuli was controlled for and thus allowed for a more specific test of the relationship between pain catastrophizing and brain and perceptual responses to stimuli [39] . It also allowed us to the use ratings during the distracting cognitive task in comparison with ratings to stimuli delivered alone as evidence of pain modulation.
Cognitive Modulation of Pain
Though pain modulation can be investigated in multiple ways, we focused on cognitive modulation. Cognitive modulation can refer to one of several paradigms including distraction, reappraisal, and anticipation. For the purposes of this study, cognitive modulation is operationally defined as the ablity to shift attention away from pain during a cognitive task using an attentiondistraction paradigm that has been employed in previous studies [40, 41] . Pain was delivered alone and during the performance of the Stroop color-word task. The Stroop is a sustained attention task that presents the words "red," "green," "yellow," and "blue" in the colors red, green, yellow, and blue [42] . Words are presented in either congruent (e.g., the word "red" appears in red font) or incongruent (e.g., the word "red" appears in a font color that is not red) fashion. The incongruent version of the Stroop requires greater attention and consequently has been shown to be more distracting [43] . The Stroop has previously been shown to be an effective cognitive distraction in both behavioral and neuroimaging pain studies [40, 44] . Participants were instructed to press a button corresponding to the color of the word and ignore the word itself. Pain modulation was defined as a reduction in pain sensitivity (i.e., pain ratings) during cognitive distraction (i.e., performance of the Stroop) when compared with delivering pain alone.
Functional Neuroimaging
The following week, participants returned for their functional MRI session. This session was designed to determine the perceptual and brain responses during cognitive modulation of pain. Scanning included three functional runs, each lasting three minutes and 50 seconds, presented in a pseudo-randomized, counterbalanced order (Figure 1 ). Each functional run started with a 30-second off-period and included 20-second interstimulus intervals. Runs included pain alone and pain delivered during the congruent and incongruent Stroop. During each run, five perceptually relative stimuli were administered for 20 seconds each, and pain intensity and unpleasantness ratings were collected immediately following each stimulus. The rating period for each stimulus was a maximum of 12 seconds. For the runs involving the Stroop task, nine word-color combinations were presented during each of the pain stimuli. Each word was presented for 1,500 ms, with 500 ms between words. Participants had two seconds to respond, starting when the word first appeared. In order to avoid potential confounds due to expectations, participants were not told when each run-type would occur during the scan. Thus, prior to the start of each run and regardless of its type, participants were instructed to focus on the cognitive task, respond as fast and accurately as possible, and rate the pain stimuli when prompted by the rating scales.
Magnetic Resonance Imaging Acquisition
Functional and anatomical magnetic resonance images were collected on a 3-Tesla GE SIGNA MRI scanner (GE Health Systems, Waukesha, WI, USA). Anatomical acquisitions (EFGRE3D) consisted of 124 1.2-mm-thick, T1-weighted (TR: 8.4 ms, TE: 1.7 ms, FOV: 240 mm, flip angle: 10 ) axial images with a matrix of 256 Â 256. To correct inhomogeneity-induced distortions in the images, a set of 2D gradient echo fieldmaps was collected in the sagittal direction with the following parameters: three 4-mm-thick slices with a 1-mm gap (TR: 700 ms, TE: 7 and 10 ms, flip angle: 60 , FOV ¼ 240 mm, acquisition matrix: 256 Â 256). Functional MRI acquisitions were obtained with a gradient echo EPI sequence (TR: 2,000 ms, TE: 30 ms, flip angle: 90 ) and consisted of 30 4-mm-thick slices collected in the sagittal direction with a 1-mm gap. The acquisition matrix was 64 Â 64, and the FOV was 240 mm, delivering an in-plane voxel resolution of 3.75 Â 3.75 Â 5 mm.
Image Processing
Image processing was conducted using Analysis of Functional Neuroimaging (AFNI) software [45] . Anatomical images were registered to the MNI-152 template [46] using an affine transformation. For functional data, the initial three sets of functional images were discarded from functional analyses due to saturation effects. Data were despiked to reduce the influence of outlier time points, then slice-time-, motion-, and fieldmap-corrected, aligned to the MNI-152 template with an affine warp, iteratively blurred to a smoothness of 8-mm full-width, half-maximum, and converted to percent signal change. AFNI's 3dREMLfit program was then used to perform linear regression on each participant's data, including separate regressors for the prestimulus countdown, heat stimulus, and rating period. The duration of the rating periods was modeled based on the actual time participants took to rate the intensity and unpleasantness of each stimulus. Excessive head movement (>2 mm) during a run resulted in exclusion of that participant from the grouplevel analyses.
Statistical Analyses
Statistical analyses for demographic and behavioral data were performed using SPSS, version 22 (IBM, Armonk, NY, USA). Functional neuroimaging data were analyzed using AFNI software [45] . For all statistical analyses, the a level was set to 0.05, and corrections for multiple comparisons were applied where appropriate, as described below.
Participant Characteristics
Demographics were compared between FM and CO using independent-samples t tests for continuous measures and chi-square tests for categorical measures; t tests were also employed to compare FM and CO with respect to symptoms of depression (BDI), pain symptoms (SF-MPQ), and pain catastrophizing (PCS). To assess the relationship between catastrophizing and FM symptoms, correlations were calculated between PCS scores and scores on the FIQ, SF-MPQ, STAI, POMS, and BDI. 
Figure 1
Overview of the scanning protocol. The three experimental runs were presented in a counterbalanced order and separated by one-minute intervals.
Cognitive Task Performance and Pain Modulation
To confirm the anticipated degree of distraction provided by the different versions of the Stroop task and to assess group differences in performance, Group by Run (2 Â 2) repeated-measures analyses of variance (ANOVAs) were conducted with Stroop accuracy and reaction time as dependent variables. To determine whether catastrophizing impacted cognitive performance, correlation coefficients (Pearson's r) were calculated between PCS scores and Stroop performance for FM and CO.
To assess the degree of pain modulation induced by the Stroop task, pain ratings and brain responses for pain stimuli delivered alone were compared with those during the congruent and incongruent versions of the cognitive task. For ratings, within-and between-group comparisons were made using Group by Run (2 Â 3) repeated-measures ANOVAs. Follow-up contrasts and effect size calculations (Cohen's d) were conducted to examine differences in pain intensity and unpleasantness ratings among the runs within each group. For brain responses, within-and between-group comparisons were made using Mixed Effects Meta Analyses in AFNI's 3dMEMA program [47] comparing brain responses during pain alone with responses during the Stroop tasks. Additionally, group (FM and CO) images for each experimental run are included in the Supplementary Data for descriptive purposes, in accordance with recent recommendations [48] .
Catastrophizing and Pain Modulation -Pain Ratings
To address our primary hypotheses, relationships between catastrophizing and pain ratings and brain data were examined within and between groups. Partial correlations (Pearson's r) between pain intensity and unpleasantness ratings for pain stimuli during the congruent and incongruent versions of the Stroop task were analyzed for FM and CO separately. Because of the documented relationship between catastrophizing and depression [12] , scores on the BDI were controlled for in these analyses. Correlation coefficients for individual groups were also compared with one another using Fisher's r-to-z transformation to assess the specificity of observed relationships for FM compared with CO.
Catastrophizing and Pain Modulation -Brain Responses
Relationships between catastrophizing and brain responses to pain were analyzed using a region of interest approach [45] . Regions of interest (ROIs) were selected based on current research documenting brain responses to pain in patients with FM and healthy controls [49] . Each ROI was defined using the HarvardOxford cortical and subcortical structural probabilistic atlases developed at the Centre for Morphometric Analysis at Harvard University, Boston, Massachusetts (www.cma.mgh.harvard.edu). Region boundaries were defined using a probability threshold of 25%. Regions included pre-and postcentral gyri, superior parietal lobule, anterior, posterior, and paracingulate cortices, brainstem, frontal medial, and orbital cortices, frontal and parietal opercula, frontal pole including the dorsal and ventrolateral prefrontal cortices, insula, thalamus, caudate, putamen, globus pallidus, amygdala, hippocampus, middle frontal gyrus, and superior temporal gyrus.
To examine the relationships between pain catastrophizing and brain responses during pain processing and distraction from pain, comparisons were made using Mixed Effects Meta Analyses from AFNI's 3dMEMA program [47] . Relationships between scores on the PCS and brain responses during pain alone and pain during the congruent and incongruent versions of the Stroop task were analyzed between and within groups. As with the pain ratings data, scores on the BDI were statistically controlled for in all analyses. Within each analysis, we thresholded the voxel-wise data at P < 0.05 and corrected for multiple comparisons using a cluster-size threshold of 73 voxels. This threshold was determined by Monte Carlo simulations using AFNI's 3dClustSim and was based on the smoothness of the data (8 mm FWHM) and the size and shape of the ROI mask. These data were then visualized using a dual coding approach, as recommended by Allen and colleagues [50] . This display format allows for the presentation of both the robust outcomes of statistical interest and the level of uncertainty in the data set (i.e., pattern of whole-brain activity). Analyses were performed at 4 Â 4 Â 4 mm resolution using a mask of regions determined a priori from the hypotheses. For visualization purposes only, the mask has been omitted and the data have been interpolated to 1 Â 1 Â 1 mm resolution; all statistical inference was made at the cluster level.
To further explicate the neuroimaging results, functional data for each participant were extracted from brain regions showing significant associations in the 3dMEMA analyses within each group. These data were then correlated with PCS scores, pain ratings, and Stroop accuracy and reaction time. To determine the specificity of the relationship between distraction from pain and catastrophizing, the occipital pole was employed as a control region. The coordinates for the center of this region were 18.5, 89.5, 0.5. This region was active during the viewing of our pain rating scale and the cognitive task, though it is not typically considered a pain-relevant brain region. Thus, we considered this region to be a reasonable control.
For exploratory purposes, our primary analyses were also conducted controlling for the STAI. Results similar to those observed when controlling for BDI were observed in all cases. Because the BDI and STAI were highly correlated in our sample (r ¼ 0.83, P < 0.001) and the results were qualitatively the same when controlling for either variable, the STAI was not retained as a covariate for either behavioral or brain imaging analyses.
Results
Participant Characteristics
Twenty female patients with a physician-confirmed diagnosis of FM and 20 age-and sex-matched CO completed all testing procedures (see Table 1 for participant characteristics). Patients received their diagnosis approximately 11.8 6 7.5 years earlier and reported pain in all four quadrants of their body and along the axial skeleton at the time of testing. Fifty percent of the FM participants reported being "unemployed due to health," and the remainder reported that FM "substantially" interfered wth their job. During screening, patients also reported that, on average, their pain and other symptoms had a substantial impact on their personal lives by limiting their daily activities over the past six months, rating the impact as 48.8 6 23.1 on a scale of 0 (no limitations) to 100 (totally disabled). FM patients averaged 51.2 6 15.2 on the Fibromyalgia Impact Questionnaire, which is similar to the average patient score of 50 [33] . FM patients were not significantly different from CO with respect to total PCS scores (P > 0.06). However, two controls had PCS scores that were more than two standard deviations above the mean for that group, which significantly impacted the interpretation of the primary results for controls. Thus, all analyses were conducted with and without these individuals. Herein we present the results with the outliers removed (CO, N ¼ 18). Results for the primary outcomes with outliers included can be found in the Supplementary Data associated with this study. 
Brain Responses to Pain and Cognitive Tasks
Of the original sample, four FM patients and two CO had excessive head motion (>2 mm) during scanning and were excluded from these analyses. For both FM and CO, brain responses were significantly different within each group when comparing pain delivered alone with pain delivered during the both the congruent and incongruent Stroop tasks. Brain responses were also significantly different between pain delivered during the congruent vs incongruent Stroop for both groups, demonstrating the greater neural activation required to perform the more challenging incongruent version. These results are detailed in the Supplementary Data. There were no significant group differences in brain responses to pain delivered alone or pain delivered during the cognitive tasks or the interaction between group and task (pain alone vs pain during the Stroop; P > 0.05).
Cognitive Task Performance and Pain Modulation
Accuracy and reaction time data for the Stroop tasks are presented in Table 2 . For both FM and CO, participants' reaction times were significantly faster for the congruent vs the incongruent Stroop task (P < 0.001). There were not group differences in reaction time for the congruent Stroop (P > 0.05). Controls were siginificantly faster on the incongruent Stroop (P ¼ 0.04). For accuracy, there was a significant group by task interaction (P ¼ 0.031), showing that while both groups decreased their accuracy on the incongruent Stroop in comparison with the congruent version, FM patients showed a greater decline in performance.
Pain ratings for FM and CO during the three experimental runs are shown in Figure 2 . Analysis of group differences demonstrated that FM patients rated the pain stimuli as significantly more unpleasant than CO (P ¼ 0.019). For both FM and CO, there were significant differences in pain intensity (PI; P < 0.01) and unpleasantness ratings (PU; P < 0.01) across experimental runs, demonstrating that participants were successfully distracted from pain during performance of the cognitive task (i.e., exhibited pain inhibition). Follow-up contrasts showed that FM patients had significantly lower intensity and unpleasantness ratings for pain delivered during the incongruent version of the Stroop task as compared with pain delivered alone (PI: P ¼ 0. Figure 2 Fibromyalgia patients had significantly higher pain intensity (PI) and pain unpleasantness (PU) ratings during pain delivered alone as compared with pain delivered during the incongruent version of the Stroop task (P < 0.05). Controls had significantly lower PI ratings (P < 0.05), but not PU ratings (P > 0.05) during the incongruent Stroop task. *Significantly different from pain alone, P < 0.05. CO ¼ controls; FM ¼ fibromyalgia.
individuals who modulated during the congruent version of the task. Changes in pain intensity and unpleasantness ratings between pain alone and pain delivered during the Stroop task ranged from a decrease of 15.6 points to an increase of 11.8 points on the Gracely 0-20 scale.
Catastrophizing and Pain Modulation
Pain intensity and unpleasantness ratings during the cognitive tasks were significantly related to catastrophizing (Table 3) . FM patients showed significant positive relationships that were moderate to large (r range ¼ 0.53-0.79, P < 0.05) between PCS scores and pain intensity and unpleasantness ratings for pain presented during both the congruent and incongruent versions of the Stroop task. For CO, correlations were smaller and nonsignificant (r range ¼ 0.32-0.42, P > 0.05). Comparisons between groups showed that there were no significant group differences in the magnitude of the relationships between pain ratings and catastrophizing during any of the experimental runs (P > 0.05).
PCS scores were significantly correlated with brain responses during cognitive modulation of pain for FM patients (P < 0.05) (see Table 4 for list of brain regions and coordinates). Significant positive relationships indicative of greater brain activity for those who were higher in catastrophizing were found bilaterally in the dorsolateral prefrontal cortex (DLPFC) for pain during the congruent Stroop task (Figure 3) . Illustrative of this, activity in both these regions was positively related to pain intensity (right positive relationship in the R DLPFC (Figure 4) , again showing that brain activity in this region was greater in those who were higher in catastrophizing. Greater activity in this region was also positively related to higher ratings of pain intensity (r ¼ 0.82) and unpleasantness (r ¼ 0.83). For both FM patients and controls, measures of Stroop performance (accuracy and reaction time) were unrelated to brain activity in these regions for either version of the Stroop task (P > 0.05). No significant relationships were observed between PCS scores and brain responses in the experimental control region, the occipital pole (P > 0.05). There were also no significant group differences with respect to relationships between catastrophizing and brain responses during the Stroop tasks (P > 0.05).
Discussion
Our results show that the tendency to catastrophize about pain interferes with the neural processes involved in pain modulation in FM, specifically in the dorsolateral prefrontal cortex. Patients who reported greater levels of catastrophizing engaged this region to a greater degree. Further, activity in the DLPFC was positively associated with pain ratings and was not significantly related to performance on the Stroop task, suggesting the specificity of its involvement in pain modulation. These neuroimaging findings are supported by behavioral data showing that patients who were higher in catastrophizing found the pain stimuli more intense and unpleasant during the cognitive tasks than those lower in catastrophizing. Thus, catastrophizing appeared to weaken the potentially beneficial effects of cognitive distraction on descending inhibitory processes involved in pain modulation.
Previous research has demonstrated significant relationships between catastrophizing and brain responses during pain processing in both FM patients and healthy individuals [16, 17, 27] . Gracely and colleagues [16] found Figure 3 Map of association between Pain Catastrophizing Scale (PCS) total scores and BOLD responses to cognitive modulation of pain during the congruent Stroop task in 16 fibromyalgia patients. Color represents the b coefficient, and opacity represents t-statistic, with full opacity at a voxelwise t corresponding to P < 0.05. The two clusters are significant at a < 0.05 (corresponding to a cluster size threshold of 73 voxels); these are outlined. Positive correlations were found in the right and left dorsolateral prefrontal cortices (DLPFC; graphs 1 and 2). There was not a significant relationship between PCS Scores and brain responses in the occipital lobe (OCC; control region, graph 3).
Average cluster values (percent signal change) for each individual were extracted and are shown plotted against PCS Scores and pain ratings. L ¼ left; R ¼ right.
that in FM patients catastrophizing was related to activity in several pain-relevant brain regions, although, paradoxically, catastrophizing was not significantly related to pain ratings. Seminowicz and Davis [27] found that catastrophizing was predictive of brain responses associated with pain in healthy individuals. More recently, Loggia and collegues [17] reported that catastrophizing was related to pain anticipation in the lateral prefrontal cortex (PFC) in patients with FM. These studies show that catastrophizing is related to central nervous system processing of pain but do not directly assess its influence on pain modulation. The present study addresses this critical gap by demonstrating that the tendency to catastrophize interferes with the neural processes associated with cognitive distraction-a crucial pain inhibitory function.
This study also adds to the small and equivocal body of work examining catastrophizing and pain modulation in patients with chronic pain conditions. Schreiber and colleagues [51] compared pain modulation between chronic back pain patients with higher and lower levels of catastrophizing and found that those who were higher in catastrophizing had greater pain facilitation, but comparable levels of inhibition. Owens and colleagues [52] also examined the association between pain modulation and catastrophizing in patients with chronic low back pain and found that the tendency to catastrophize was not significantly related to pain facilitation or pain inhibition. The methods used to assess modulation varied in these studies and were different from the attention-distraction paradigm that was used in the present investigation. Further, there is inconsistent evidence regarding whether patients with chronic low back pain experience the central abnormalities associated with pain modulation that are seen consistently in patients with FM [53] . As such, it is difficult to draw any Figure 4 Map of association between PCS total scores and BOLD responses to cognitive modulation of pain during the incongruent Stroop task in 16 fibromyalgia patients. Color represents the b coefficient, and opacity represents the t-statistic, with full opacity at a voxelwise t corresponding to P < 0.05. The single cluster significant at a < 0.05 (corresponding to a cluster size threshold of 73 voxels) is outlined. A significant positive correlation was found in the right dorsolateral prefrontal cortex (DLPFC; graph 1). Graphs 2 and 3 show the relationships between the brain response in the right DLPFC and pain intensity and unpleasantness ratings to pain stimuli delivered during the incongruent Stroop task. There was not a significant relationship between PCS scores and brain responses in the occipital lobe (OCC; control region, graph 4). Average cluster values (percent signal change) for each individual were extracted and are shown plotted against PCS scores and pain ratings. L ¼ left; R ¼ right.
conclusions regarding the generalizability of the observed relationships between catastrophizing and pain modulation to all patients with chronic pain. Further research is needed using multiple methods of assessing pain modulation and directly comparing chronic pain patients with different conditions to understand the consistency of these relationships across pain conditions.
The relationships we observed with catastrophizing were located within the DLPFC. Previous research has demonstrated involvement of this region in aspects of executive control associated with affective and cognitive pain processing [54, 55] . Atlas and colleagues [54] identified a group of regions including the lateral PFC where activity predicted pain perception but was not associated with stimulus intensity. They hypothesized that these regions contribute to pain perception through their role in attention and cognitive processes involved in the evaluation of pain. The results from the present study support this by demonstrating that activity in the DLPFC is associated with catastrophizing as well as pain ratings during distraction. From a resource allocation perspective, FM patients with higher tendencies to catastrophize may be less able to shift attention resources away from pain or require greater resources to evaluate pain.
The PFC is also involved in the integration of cognition and emotion [56, 57] . For example, Peers and colleagues [58] found that for individuals who have difficulties with attentional control, the PFC was involved in regulation of attentional bias toward stimuli with a higher level of perceived threat in dual-attention tasks. The present data suggest that patients with higher levels of catastrophizing may have a bias toward attending to pain stimuli, resulting in greater activity in the DLPFC, heightened perception of pain, and a lesser ability to distract themselves away from pain. How these processes contribute to chronic pain is not fully understood, but maintenance of symptoms through central dysregulation of pain modulation is plausible. Reduced ability to distract from pain could result in a vicious cycle of augmented sensory processing of afferent signaling combined with a reduced ability to inhibit incoming sensory information. Alternatively, poor pain regulation could result in greater attention to pain or hypervigilance, both of which are associated with poor clinical outcomes in chronic pain patients [59] .
It has also been suggested that activity in the PFC during a dual task reflects psychological load, or the amount of top-down activity that is needed to maintain cognitive performance [60] . Patients commonly report cognitive difficulties, and there is evidence showing deficits in performance in several cognitive domains [61] . The present data demonstrated that patients were moderately slower and significantly less accurate than controls during the more difficult, incongruent version of the Stroop task. However, task performance was not related to catastrophizing or to activity in the PFC during distraction. Perhaps abnormal processing in the PFC underlies several characteristics of FM, including dysfunction in pain modulation and cognitive difficulties. A reduced ability to distract from pain or hypervigilance toward painful stimuli could also directly interfere with cognitive performance by occupying attention resources needed for efficient cognitive processing. This may be particularly relevant for more demanding cognitive tasks (i.e., incongruent Stroop).
Consistent with previous research on patients with FM, the participants in our study reported that their pain and associated symptoms substantially impacted their quality of life and decreased their physical function. The results showed that catastrophizing exacerbated this impact, as demonstrated by significant positive relationships between PCS scores and scores on the FIQ. However, catastrophizing was not significantly related to the intensity of pain symptoms as measured with the SF-MPQ. This suggests that individuals who are higher in catastrophizing do not necessarily experience more pain, but the pain they do experience has a greater impact on their quality of life. These findings are consistent with data demonstrating that catastrophizing influences depression, physical function, disability, treatment efficacy, and chronicity of disease in chronic pain and highlight the importance of developing and implementing interventions to reduce catastrophizing in patients with FM [12, 62] .
Our lack of group differences between FM patients and controls was not unexpected, but nonetheless warrants comment. As the temperatures delivered during scanning were relativized based on each individual's range of pain sensitivity during the mock-MRI session, the lack of differences in brain or rating responses to pain was anticipated [63] . However, the absence of significant differences with respect to relationships between cognitive modulation of pain and catastrophizing suggests that this is not necessarily a phenomenon that is specific to FM. Rather, as seen for relationships between catastrophizing and pain processing [27] , it suggests that catastrophizing may interfere with pain modulation regardless of health status. However, as FM patients encounter pain more frequently and have a greater propensity to catastrophize, it may have a greater impact on their lives. Future studies are needed that include healthy individuals with higher levels of catastrophizing to more definitively examine the nature of this phenomenon.
Although there are effective treatment strategies for FM (e.g., pharmaceuticals, exercise), improvements in symptoms are typically modest and the long-term prognosis remains poor or is poorly understood. Thus, identifying potentially modifiable factors that influence FM is warranted. We previously demonstrated that higher levels of physical activity and lower levels of sedentary behavior were associated with an improved ability to cognitively modulate pain in FM [24] . There is also evidence that reducing pain catastrophizing results in improvements in health outcomes for chronic pain patients. For example, George and colleagues [64] compared exercise training with exposure therapy on outcomes related to pain and disability in patients with chronic low back pain and found that both interventions led to statistically significant improvements in pain and disability and reductions in catastrophizing. Moreover, reductions in catastrophizing were significantly related to improvements in disability, suggesting that catastrophizing has implications for the daily functioning of patients. More recently, it was demonstrated that a cognitivebehavioral intervention significantly increased gray matter in the PFC in FM patients and that this increase was related to a decrease in catastrophizing [65] . These studies suggest that catastrophizing is modifiable and may be an important moderator of improvements in symptoms, neurobiology, and physical function.
There were several limitations in this study. Our patient population reported relatively low levels of catastrophizing, when compared with normative data [34] . However, patients with FM in the current study reported that their pain had a "substantial impact" on their lives and their FIQ scores were representative of the "typical" FM patient [33] . Because we did not specifically recruit participants based on catastrophizing, we were unable to directly determine whether high and low catastrophizers differed in their neural responses across conditions or between groups. Further, as our study was focused on pain modulation and not pain sensitivity, we only used thermal stimuli at one individualized temperature. This limited our ability to address relationships between catastrophizing and pain sensitivity across multiple intensities, as has been done previously [16, 27] . Additionally, our sample size was relatively small, potentially reducing the generalizability of the results, and we did not control for the potential confounding effects of the menstrual cycle on pain modulation. Lastly, the lack of catastrophizing in our sample of healthy controls limited our ability to examine whether the observed relationships between pain modulation and catastrophizing are specific to FM or a more general phenomenon.
The study provides evidence that an FM patient's tendency toward catastrophizing influences the ability to actively engage the central nervous system to inhibit pain during distraction. Thus, catastrophizing may be disrupting the balance between facilitation and inhibition of pain processing and acting, in part, to maintain pain and associated symptoms. Therapies to reduce catastrophizing including cognitive-behavioral therapy and exercise may be effective for improving symptoms in FM patients via improvements in pain modulation. Interventions designed to reduce catastrophizing and determine the effects on central nervous system processing of pain modulation are needed.
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